Figure 2. Diagram of the Factors that Regulate the Transitions in Xist Expression Pattern that Occur upon the Initiation of X Inactivation
(1) The factors that stabilize and facilitate spreading of Xist RNA at the Xi (purple). These factors must be present in excess, as multiple X chromosomes can be inactivated in individuals with X chromosome aneuploidies. Stabilization and spreading may be independently regulated.
(2) The factors that block Xist RNA stabilization and spread from a single Xic (stop signs). We suggest that blocking factors are autosomally encoded and are present in limiting quantities, such that they can assemble at only one Xic per diploid genome. (3) The Xce element is tightly linked to Xist and affects the randomness of X inactivation. If both X chromosomes carry the same Xce allele, inactivation of each chromosome occurs with equal probability. If one X carries a weak Xce allele and the other a strong allele, X inactivation is skewed and the former is inactivated with a higher probability. We suggest that skewing by Xce allelic differences reflects a dynamic competition between Xics for blocking factors (partial stop signs). (4) Epigenetic marks that cause the silencing of Xist transcription from the blocked Xic on the Xa (blue circles). DNA methylation appears to be important for this silencing event.
polyadenylated, noncoding RNA that is expressed exis carried out by autosomally encoded factors that are present in limiting quantities and can block Xist RNA clusively from the otherwise inactive X chromosome (Xi) in female somatic cells (Willard and Salz, 1997) . Ectopic stabilization at only one Xic per diploid genome ( Figure  2 ). By analogy to Drosophila and C. elegans, in which expression of Xist from autosomal transgenes (Lee et al., 1996; Herzog et al., 1997; Lee and Jaenisch, 1997) X-linked numerator and autosomal denominator elements are utilized in counting, the Xic in mammals can and deletions of the Xist locus (Penny et al., 1996; Marahrens et al., 1997 Marahrens et al., , 1998 indicate that Xist is necessary be considered as an X-linked numerator element and the blocking factors may correspond to autosomally and sufficient for X inactivation. Xist and Choice encoded denominator elements. An Xist transgene with 15 kb of flanking sequence was reported to act as an Changes in Xist expression and choice are intimately connected. In embryonic cells poised to initiate X inactiXic when integrated into autosomes (Herzog et al., 1997) .
As Xist is the only gene that lies within this interval, the vation, Xist transcription is detected from the single X chromosome in males and both X chromosomes in fe-X-linked numerator may be a DNA element tightly linked to Xist. Alternatively, it is also possible that the X-linked males (Panning and Jaenisch, 1996) . Xist RNA in embryonic cells is unstable and can be detected only at the numerator element is Xist RNA, as unstable transcripts are restricted to the Xist locus in embryonic cells. site of transcription. Upon the initiation of X inactivation, Xist transcripts from what will become the Xi are stabiMethylation of Xist sequences is necessary for the silencing of Xist expression from the Xa, since Xist RNA lized and spread in cis to coat the X chromosome (Panning et al., 1997; Sheardon et al., 1997) . Finally, transcripcan coat and mediate inactivation of the single X chromosome in differentiated male and of both X chromotion of unstable Xist RNA from the other, active X chromosome (Xa) is silenced. In molecular terms, choice somes in differentiated female cells that are deficient in DNA methyltransferase (Panning and Jaenisch, 1996) . is manifested as the block to stabilization and propagation of Xist RNA from one Xic. This suggests that choice Thus, without normal regulation of DNA methylation, Xist Xist and Imprinted X Inactivation X inactivation in marsupials and in murine extraembry- , 1997) . It remains unclear, therefore, whether imprinted X inactivation in marsupials and mouse extraembryonic tissues are mechanistically similar, or whether mice have evolved a unique transcription from the Xa is not silenced and the resulting form of Xist-dependent imprinted X inactivation. RNA associates with the chromosome and causes inacXist expression from the paternal X chromosome is tivation. These results suggest that the factors which first detected in four-to eight-cell embryos, preceding stabilize Xist RNA can be expressed in male cells and imprinted X inactivation, which occurs at implantation. do not require multiple X chromosomes to be induced.
Xist RNA was expressed in all eight cells and a signifi-X inactivation is random in embryonic lineages, indicant number of nuclei showed biallelic Xist expression, cating that blocking factors have an equal probability with accumulation of transcripts at only one X chromoof acting at either Xic. In mice heterozygous for the some (Sheardon et al., 1997) . This pattern of expression X-controlling element (Xce), which is tightly linked to is similar to that in embryonic cells which have initiated Xist, there is skewing of X inactivation, suggesting that random X inactivation, with stabilization and spread of cis-acting sequences can affect the likelihood that Xist RNA on the Xi and low level expression of Xist from blocking factors will interact with one Xic relative to the Xa. This raises the possibility that during imprinted another. In addition, an XIST promoter mutation corre-X inactivation blocking factors are targeted specifically lates with skewed X inactivation such that the chromoto the maternal Xic. some carrying the mutation is preferentially inactivated Spread and Maintenance of X Inactivation and Xist (Plenge et al., 1997) , suggesting that the Xce might func-
The Xist RNA in female somatic cells appears as a cluster tion by regulating XIST transcription. An interesting of particles that coats the Xi (Figure 4 ; Clemson et al., possibility raised by these data is that all the Xic's in 1996; Lee and Jaenisch, 1997) . This distribution is not one nucleus compete for blocking factors and that the affected by DNase or RNase H treatment (Clemson et affinity of an Xic for blocking factors is determined by al., 1996) , suggesting that Xist does not contact DNA. some aspect of the Xist transcription in embryonic cells These data are most consistent with the idea that RNA- (Figure 2) . protein interactions mediate the propagation and assoSequences within the Xist gene can also affect choice ciation of Xist RNA with a chromosome in cis. Xist RNA as a targeted deletion skews X inactivation such that produced from a YAC transgene can spread and medithe wild-type X chromosome is always inactivated (Marate silencing of linked autosomal sequences (Lee and ahrens et al., 1998) . However, another overlapping Xist Jaenisch, 1997), indicating that X chromosome-specific mutation does not affect choice (Penny et al., 1996) , elements are not required for the propagation of Xist identifying 6 kb of Xist sequences as playing a crucial RNA and heterochromatin. role in the choosing of an X chromosome for inactivation Propagation of Xist RNA precedes X chromosome (Figure 3) . These results suggest that choice may occur silencing during imprinted and random X inactivation through the mutually exclusive binding of a unique (Keohane et al., 1996; Sheardon et al., 1997) , suggesting blocking factor to the Xce of one X chromosome and that factors which act downstream of the stabilization an initiation factor to the Xist gene of the other X (Marahand spread of Xist RNA are required to mediate silencrens et al., 1998). The identification of this regulatory ing. Some clues as to the mechanism by which Xist RNA element within the Xist gene creates an additional level might mediate silencing come from conserved features of complexity in understanding the mechanisms used of inactive X heterochromatin. In placental and marsupial mammals, the Xi replicates late in S phase and to select one X chromosome to remain active.
